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We have found a little suppression of superconductivity at x50.21 in La22xSrxCuO4 single crystals and,
moreover, a giant suppression of superconductivity at x50.21 through the 1% substitution of Zn for Cu. In the
Zn-substituted La22xSrxCu12yZnyO4 single crystal with x50.21 and y50.01, the resistivity exhibits an upturn
at low temperatures below ;80 K. These results suggest that the dynamical stripe correlations of spins and
holes are pinned by a small amount of Zn at x50.21, leading to a static stripe order and the giant suppression
of superconductivity, as in the case of x50.115.Recently, the static order of spins and holes at p ~the hole
concentration per Cu! ;1/8 in the La-based cuprates, which
has been found from the elastic neutron-scattering
experiments,1–4 has attracted great interest. It is not only be-
cause the static order well explains the so-called 1/8
anomaly,5,6 namely, the anomalous suppression of supercon-
ductivity at p;1/8, but also because it is closely connected
with the modulated dynamical correlation between Cu spins,
which has been pointed out from the inelastic neutron-
scattering experiments7–10 to exist in a wide range of 0.06
<p<0.25. At present, the static order is reasonably inter-
preted as a stripe-patterned one, which originates from the
dynamical stripe correlations of spins and holes and is stati-
cally stabilized through the pinning by the tetragonal low-
temperature ~TLT! structure ~space group: P42 /ncm) or im-
purities such as Zn.11–13
This kind of stripe order was originally discovered in
La2NiO41d or La22xSrxNiO4 whose crystal structure is fun-
damentally the same as that of the La-based cuprates. In the
nickelates, the static stripe order has been found at various
values of the hole concentration of 1/2, 1/3, 1/4 per Ni.14–16
In La22xSrxCuO4, it is supposed that the dynamical stripe
correlation between Cu spins exists in a wide range of 0.06
<x<0.25.10 Therefore, there is a possibility that, besides the
order at x;1/8, another static order exists in La22xSrxCuO4
as well as in the nickelates. In fact, we have found anoma-
lous behaviors of the resistivity and the thermoelectric power
around x50.22 in polycrystalline samples of La22xSrxCuO4
and that the superconductivity is a little suppressed around
x50.22. Furthermore, it has been found that the anomalies
become marked through the partial substitution of Zn or Ga
for Cu and that the anomalies are not related to the structural
phase transition between the tetragonal high-temperature
~THT! phase ~space group: I4/mmm) and the orthorhombic
mid-temperature ~OMT! phase ~space group: Bmab!.17,18 So,
we have pointed out that probably an order of spins and/or
holes, such as the stripe order, is formed or fluctuates around
x50.22 in La22xSrxCuO4, though this x value is neither the
simply expected 1/4 nor 1/5.
In this paper, in order to investigate the anomalous behav-
iors around x50.22 in detail, we have grown partially Zn-
substituted (y50.01) and non-Zn-substituted (y50)PRB 620163-1829/2000/62~18!/11981~4!/$15.00La22xSrxCu12yZnyO4 single crystals of good quality in the
overdoped region and made measurements of the electrical
resisitivity and Tc .
Partially Zn-substituted (y50.01) and non-Zn-substituted
(y50) single crystals of La22xSrxCu12yZnyO4 with 0.19
<x<0.26 were grown by the traveling-solvent floating-zone
~TSFZ! method.19–21 Polycrystalline feed rods were prepared
as follows. First, powders of La22xSrxCu12yZnyO4 were
prepared by the solid-state reaction method. Prescribed
amounts of La2O3 , SrCO3, CuO, and ZnO powders were
mixed and prefired in air at 900 °C for 12 h. After pulveri-
zation, the prefired materials were mixed and sintered in air
at 1050 °C for 24 h. This process of mixing and sintering
was repeated several times to obtain homogeneous powders
of La22xSrxCu12yZnyO4. Next, 1 mol % CuO powders were
added to the powders of La22xSrxCu12yZnyO4 and mixed
thoroughly in order to obtain tightly sintered feed rods in the
succeeding sintering process and also to compensate for
evaporated CuO in the TSFZ growth process. The powders
were put into thin-wall rubber tubes and isostatically cold
pressed at 2.4 kbar into rods of 7 mm in diameter and ;120
mm in length. They were finally sintered in air at 1250 °C for
24 h to form tightly sintered feed rods of 5 – 6 mm in
diameter and ;120 mm in length. Sintered rods used as a
solvent were also prepared in a similar way, but the
composition was richer in Cu and Sr than those of the feed
rods, as referred in the literature.22 Typically,
La22xSrxO3 :Cu12yZnyO 53:7 in the molar ratio and x
50.35. The final sintering was performed in air at 900 °C for
12 h. The sintered rods were sliced in pieces and a piece of
;0.4 g was used as a solvent for the TSFZ growth. The
TSFZ growth was carried out in an infrared heating furnace.
The growth space was filled with flowing oxygen gas of 4
bars to suppress the evaporation of CuO.22 The zone travel-
ing rate was 0.5 – 1.0 mm/h. The rotation speed of the upper
and lower shafts was 30 rpm in the opposite direction. Crys-
tals thus grown were in the form of cylindrical rods of ;5
mm in diameter. In order to fill up oxygen vacancies and to
remove the strain, as-grown crystals were annealed in flow-
ing oxygen gas of 1 bar at 900 °C for 50 h, cooled down to
500 °C at a rate of 8 °C/h, kept at 500 °C for 50 h and then
cooled down to room temperature at a rate of 8 °C/h.R11 981 ©2000 The American Physical Society
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photography. Single-domain regions ~typically 5 mm in di-
ameter and 40 mm in length! were carefully sectioned with a
diamond wheel to obtain rectangular specimens. The compo-
sition of each crystal was analyzed by inductively coupled
plasma atomic-emission spectrometry ~ICP-AES!. The Sr
content x in each crystal was almost the same as that in each
feed rod within the accuracy of 60.01. The Zn content y in
each crystal was 0.00860.002 and tended to be a little
smaller than 0.01 in each feed rod. This may be due to a little
evaporation of ZnO in the TSFZ growth process. The homo-
geneity of the composition in each crystal was analyzed by
scanning-electron microscope energy-dispersive x-ray spec-
troscopy to be good within the experimental accuracy.
Electrical resistivity measurements were carried out by
the dc four-point probe method. Four terminals were pre-
pared on a specimen with gold paste, which were baked in
oxygen gas at 800 °C for 15 min and cooled down to room
temperature at a rate of 14 °C/h. Lead wires of gold were
attached to the terminals with silver paste. The magnetic sus-
ceptibility was measured using a superconducting quantum
inteference device magnetometer in a magnetic field of 10
Oe during warm up after zero-field cooling, to determine Tc .
Figure 1 shows the temperature dependence of the elec-
trical resistivity rab in the ab plane for various x values in
single-crystal La22xSrxCu12yZnyO4 with y50 and y50.01.
It is well known that the resistivity in the normal state ex-
hibits a metallic behavior, namely, drab /dT.0 in the over-
doped region of x>0.15.23,24 In the Zn-substituted single
crystal with x50.21, however, the resistivity exhibits a mini-
mum and upturn at low temperatures below ;80 K, and
decreases with decreasing temperature below ;6 K, prob-
ably, on account of the filamentary superconductivity. In this
crystal, the temperature dependence of the electrical resistiv-
ity rc along the c axis also exhibits a minimum and upturn in
the same temperature range as in the case of rab , as shown
in Fig. 2. These anomalous upturns are analogous to those
formerly found in the Zn- or Ga-substituted polycrystalline
samples around x50.22.17,18
Figure 3 displays the temperature dependence of the mag-
FIG. 1. Temperature dependence of the electrical resistivity rab
in the ab plane for various x values in single-crystal
La22xSrxCu12yZnyO4 with ~a! y50 and ~b! y50.01.netic susceptibility x for various x values in single-crystal
La22xSrxCu12yZnyO4 with y50 and y50.01. It is found
that the superconducting transition is very sharp for most of
the superconducting crystals, suggesting that both Sr and Zn
contents are very homogeneous in these crystals. It is re-
markable that the Zn-substituted crystal with x50.21 show-
ing the anomalous upturn of the resistivity does not exhibit a
clear superconducting transition of the bulk above 2 K. The
value of Tc , defined as the temperature where the extrapo-
lated line of the steepest part in the x vs T plot reaches the
normal-state value of x , is shown in Fig. 4. This is in good
agreement with the value of Tc defined as the midpoint of the
superconducting transition curve in the rab vs T plot. It is
found that superconductivity is drastically suppressed at x
50.21 in the Zn-substituted crystals, where the anomalous
upturn of the resistivity occurs. This suppression of super-
conductivity is more striking than that observed in the Zn- or
Ga-substituted polycrystalline samples.17,18 This may be due
to better homogeneity of the Sr concentration in the single
crystals than in the polycrystalline samples. It is also remark-
FIG. 2. Temperature dependence of the electrical resistivity rc
along the c axis for various x values in single-crystal
La22xSrxCu12yZnyO4 with ~a! y50 and ~b! y50.01.
FIG. 3. Temperature dependence of the magnetic susceptibility
x , measured in a magnetic field of 10 Oe during warm up after
zero-field cooling, for various x values in single-crystal
La22xSrxCu12yZnyO4 with ~a! y50 and ~b! y50.01.
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non-Zn-substituted single crystals as well. Although the sup-
pression of superconductivity is little, this local minimum of
Tc is very reproducible for four single crystals which were
sectioned from different rods. An analogous local minimum
of Tc has also been observed at x50.22 in the nonsubstituted
polycrystalline samples, though the x value is slightly differ-
ent from 0.21.17,18
To summarize the experimental results, a little suppres-
sion of superconductivity has been found at x50.21 in the
non-Zn-substituted single crystals, and a giant suppression of
superconductivity has been found at x50.21 in the 1% Zn-
substituted single-crystals. In the 1% Zn-substituted single
crystal with x50.21, moreover, the temperature dependences
of rab and rc have been found to be anomalous, though they
are normal in the non-Zn-substituted single crystal with x
50.21. These results are analogous to those observed in the
polycrystalline samples around x50.22 and more drastic
than those in the polycrystalline samples,17,18 which may be
due to the good homogeneity of the Sr concentration in the
single crystals. Therefore, it may be said that anomalies for-
merly found in the polycrystalline samples of La22xSrxCuO4
in the overdoped region have been reconfirmed in the single
crystals. However, the x value exhibiting the anomalies in
the single crystals is a little different from that in the poly-
crystalline samples. In the polycrystalline samples, more-
over, the x value exhibiting the anomalies tends to shift to
lower x values through the Zn substitution. These differences
may be partly attributed to the ambiguity in the determina-
tion of the absolute values of x and y, but further experiments
using single crystals with various y values will be necessary
to be conclusive.
The result that the local minimum of Tc at x50.21 be-
comes conspicuous through the 1% Zn-substitution is very
FIG. 4. Sr-concentration x dependence of Tc , estimated from
the magnetic susceptibility measurements, for various x values in
single-crystal La22xSrxCu12yZnyO4 with y50 ~open circles! and
y50.01 ~closed circles!.similar to the result at x50.115 which was formerly
reported.25 As for the crystal structure, the Sr concentration
of x50.21 is located in close vicinity of the boundary be-
tween the OMT and THT phases at 0 K.17,26,27 In fact, the
non-Zn-substituted crystal with x50.21 is in the THT phase,
while the Zn-substituted crystal with x50.21 is in the OMT
phase at low temperatures below 100 K though the orthor-
hombicity is very small.28 Taking into account the result that
the suppression of superconductivity is observed also in the
non-Zn-substituted crystal with x50.21 in the THT phase,
the OMT structure does not seem to be the first driving force
to the anomalies, though the OMT structure may contribute
to the enhancement of the anomalies. It appears that an elec-
tronic instability resides in x50.21 and that the Zn substitu-
tion enhances the instability. The stripe order is a sort of
mixture of spin-density wave and charge-density wave,
which are known to be easily pinned by impurities. Actually,
the pinning effect of the substituted Zn has been observed at
x50.115,11–13 and it is supported by the theoretical study.29
Accordingly, there is a possibility that the dynamical stripe
correlations of spins and holes tend to become static at x
50.21 and are statically stabilized through the pinning by Zn
on analogy of the case at x50.115. From the theoretical
viewpoints, the stability of the stripe order in the non-Zn-
substituted CuO2 plane has been examined also in the over-
doped region by several groups.30–32 However, it seems hard
to stabilize one type of stripe order among plural types, be-
cause the energy difference among the plural types of stripe
order is subtle. Therefore, Zn may be helpful to stabilize one
type of stripe order.
In summary, we have succeeded in growing Zn-
substituted (y50.01) and non-Zn-substituted (y50)
La22xSrxCu12yZnyO4 single crystals of good quality in the
overdoped region of 0.19<x<0.26. We have found a little
suppression of superconductivity at x50.21 in the non-Zn-
substituted single crystals and, moreover, a giant suppression
of superconductivity at x50.21 in the Zn-substituted single
crystals. In the Zn-substituted single crystal with x50.21,
both rab and rc exhibit upturn at low temperatures below
;80 K. These results suggest that the dynamical stripe cor-
relations of spins and holes tend to become static at x
50.21 and are pinned by a small amount of Zn, leading to a
static stripe order and the giant suppression of superconduc-
tivity, as in the case of x50.115. In order to detect the pos-
sible stripe order, neutron-scattering experiments are under
way.
We would like to thank Professor K. Yamada, Dr. F. Na-
kamura, and Dr. N. Kikugawa for their advice in the TSFZ
growth and the resistivity measurements. We are indebted to
Professor K. Takada and M. Ishikuro for their help in the
ICP analysis. This work was supported by a Grant-in-Aid for
Scientific Research of Ministry of Education, Science, Sports
and Culture, Japan and also by CREST of Japan Science and
Technology Corporation.
RAPID COMMUNICATIONS
R11 984 PRB 62T. KAWAMATA, T. ADACHI, T. NOJI, AND Y. KOIKE1 J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura, and S.
Uchida, Nature ~London! 375, 561 ~1995!.
2 J. M. Tranquada, J. D. Axe, N. Ichikawa, Y. Nakamura, S.
Uchida, and B. Nachumi, Phys. Rev. B 54, 7489 ~1996!.
3 T. Suzuki, T. Goto, K. Chiba, T. Shinoda, T. Fukase, H. Kimura,
K. Yamada, M. Ohashi, and Y. Yamaguchi, Phys. Rev. B 57,
R3229 ~1998!.
4 H. Kimura, K. Hirota, H. Matsushita, K. Yamada, Y. Endoh,
S.-H. Lee, C. F. Majkrzak, R. Erwin, G. Shirane, M. Greven, Y.
S. Lee, M. A. Kastner, and R. J. Birgeneau, Phys. Rev. B 59,
6517 ~1999!.
5 A. R. Moodenbaugh, Youwen Xu, M. Suenaga, T. J. Folkerts,
and R. N. Shelton, Phys. Rev. B 38, 4596 ~1988!.
6 K. Kumagai, Y. Nakamura, I. Watanabe, Y. Nakamichi, and H.
Nakajima, J. Magn. Magn. Mater. 76&77, 601 ~1988!.
7 S.-W. Cheong, G. Aeppli, T. E. Mason, H. Mook, S. M. Hayden,
P. C. Canfield, Z. Fisk, K. N. Clausen, and J. L. Martinez, Phys.
Rev. Lett. 67, 1791 ~1991!.
8 T. E. Mason, G. Aeppli, and H. A. Mook, Phys. Rev. Lett. 68,
1414 ~1992!.
9 T. R. Thurston, P. M. Gehring, G. Shirane, R. J. Birgeneau, M. A.
Kastner, Y. Endoh, M. Matsuda, K. Yamada, H. Kojima, and I.
Tanaka, Phys. Rev. B 46, 9128 ~1992!.
10 K. Yamada, C. H. Lee, K. Kurahashi, J. Wada, S. Wakimoto, S.
Ueki, H. Kimura, Y. Endoh, S. Hosoya, G. Shirane, R. J. Birge-
neau, M. Greven, M. A. Kastner, and Y. J. Kim, Phys. Rev. B
57, 6165 ~1998!.
11 Y. Koike, S. Takeuchi, H. Sato, Y. Hama, M. Kato, Y. Ono, and
S. Katano, J. Low Temp. Phys. 105, 317 ~1996!.
12 Y. Koike, S. Takeuchi, Y. Hama, H. Sato, T. Adachi, and M.
Kato, Physica C 282-287, 1233 ~1997!.
13 T. Adachi, T. Noji, H. Sato, Y. Koike, T. Nishizaki, and N. Koba-
yashi, J. Low Temp. Phys. 117, 1151 ~1999!.
14 J. M. Tranquada, D. J. Buttrey, V. Sachan, and J. E. Lorenzo,
Phys. Rev. Lett. 73, 1003 ~1994!.
15 S.-W. Cheong, H. Y. Hwang, C. H. Chen, B. Batlogg, L. W.Rupp, Jr., and S. A. Carter, Phys. Rev. B 49, 7088 ~1994!.
16 S. H. Han, M. B. Maple, Z. Fisk, S.-W. Cheong, A. S. Cooper, O.
Chmaissem, J. D. Sullivan, and M. Marezio, Phys. Rev. B 52,
1347 ~1995!.
17 N. Kakinuma, Y. Ono, and Y. Koike, Phys. Rev. B 59, 1491
~1999!.
18 Y. Koike, N. Kakinuma, M. Aoyama, T. Adachi, H. Sato, and T.
Noji, J. Low Temp. Phys. 117, 1157 ~1999!.
19 I. Tanaka and H. Kojima, Nature ~London! 337, 21 ~1989!.
20 I. Tanaka, K. Yamane, and H. Kojima, J. Cryst. Growth 96, 711
~1989!.
21 S. Hosoya, C. H. Lee, S. Wakimoto, K. Yamada, and Y. Endoh,
Physica C 235-240, 547 ~1994!.
22 H. Kojima and I. Tanaka, Jpn. J. Appl. Phys., Series 7, 76 ~1992!.
23 H. Takagi, B. Batlogg, H. L. Kao, J. Kwo, R. J. Cava, J. J.
Krajewski, and W. F. Peck, Jr., Phys. Rev. Lett. 69, 2975
~1992!.
24 Y. Fukuzumi, K. Mizuhashi, and S. Uchida, Phys. Rev. B 61, 627
~2000!.
25 Y. Koike, A. Kobayashi, T. Kawaguchi, M. Kato, T. Noji, Y.
Ono, T. Hikita, and Y. Saito, Solid State Commun. 82, 889
~1992!.
26 H. Takagi, R. J. Cava, M. Marezio, B. Batlogg, J. J. Krajewski,
W. F. Peck, Jr., P. Bordet, and D. E. Cox, Phys. Rev. Lett. 68,
3777 ~1992!.
27 T. Nagano, Y. Tomioka, Y. Nakayama, K. Kishio, and K.
Kitazawa, Phys. Rev. B 48, 9689 ~1993!.
28 T. Adachi, T. Kawamata, M. Kato, and Y. Koike, AIP Conf.
Proc. ~AIP, Melville, NY, in press!.
29 C. M. Smith, N. Hasselmann, and A. H. Castro Neto ~unpub-
lished!.
30 S. R. White and D. J. Scalapino, Phys. Rev. Lett. 81, 3227 ~1998!.
31 K. Machida and M. Ichioka, J. Phys. Soc. Jpn. 68, 2168 ~1999!.
32 M. Fleck, A. I. Lichtenstein, E. Pavarini, and A. M. Oles´, Phys.
Rev. Lett. 84, 4962 ~2000!.
